The tra n sitio n from 51 to 52 is th e one w hich is difficult o f in te rp re ta tio n , since th e c o n tin u ity o f th e edge o f th e stable cry stal appears to be in te rru p te d (optically), though becoming continuous again in figure 53 . N ote, how ever, t h a t th is sam e >in te rru p tio n appears in figures 47 to 52. Figure 55 was th e final stage recorded on th e film, th o u g h less highly m agnified. 
D uring oxidation, th e oxide film grows b y th e diffusion o f Cu+ ions, to g e th e r w ith a n e q u iv alen t n u m b er o f electrons ^across th e film from th e m eta l to th e surface o f th e oxide, w here th e y com bine w ith oxygen.
A lthough th e th e o ry gives a q u a n tita tiv e e x p la n a tio n o f th e p h e n o m en a oc curring a t tem p e ra tu re s above 500° C, th e re are considerable difficulties in th e in te rp re ta tio n o f th e resu lts for th e o x id atio n o f copper a t low er te m p e ra tu re s, 0 to 300° C, w here th e parabolic law is n o t, in general, obeyed (cf. L u stm a n 1942). T he ra te o f o x idation over th e lower te m p e ra tu re ran g e is a stru c tu re -se n sitiv e p ro p erty , depending on th e tre a tm e n t o f th e m eta l before o xidation.
T he red u ctio n o f th e oxide w ith hydrogen or carb o n m onoxide m ig h t be e x p e cte d to be th e reverse o f th e o x id atio n process. I f th is occurred, th e rem oval o f oxygen ions from th e e x te rn al surface o f th e film as w a te r or carb o n dioxide w ould se t free electrons w hich, w ith th e ir associated copper ions, could th e n diffuse across th e oxide lay er to bu ild u p th e m etallic phase. If, how ever, th e chem ical processes on th e surface are v e ry rap id , th e surface co n cen tratio n o f electrons m a y becom e so g rea t t h a t nuclei o f m etallic copper will be form ed n e a r th e oxide surface. T his will produce a copper-copper oxide interface m uch closer to th e site o f th e surface reactio n th a n th e original interface, a n d th is w ould grow preferen tially . I t is show n in th is p a p e r t h a t such nucleation does, in fact, occur d u rin g th e red u c tio n o f a th in film of cuprous oxide on copper (see p. 297).
I t has long been know n t h a t th e a c tiv ity o f a copper surface can be enh an ced b y rep eated o x idation a n d red u ctio n w ith hydrogen. T he surface of th e m eta l is roughened in th e process, a n d th e increased a c tiv ity o f th e surface is d ue to th e roughening t h a t occurs. R ansley (1939) a n d R hines & A nderson (1941) h av e show n t h a t th e lattic e of th e m etal is d isru p ted b y th e reactio n of h ydrogen w ith inclusions of oxide em bedded in th e copper m etal. T he w a te r form ed builds u p to a high pressure, a n d in its escape along grain boundaries a n d cleavage planes th e m e ta l la ttic e is disrupted. T his is th e w ell-know n e m b rittle m en t o f copper. T h e red u c tio n of oxide films w ith hydrogen m ight therefore be expected to give m eta l in a porous form .
T he surface o f copper and copper oxide can be so a c tiv a te d t h a t i t can a c t as a c a ta ly st a t room tem p e ra tu re for th e reactio n betw een carbon m onoxide a n d oxy §en (Jones & T aylor 1923) . A ctiv ated copper oxide e ith e r alone or in a d m ix tu re w ith o th er oxides has been used in gas-m asks for th e rem oval o f carbon m onoxide from th e air (Lam b, B ray & F ra ze r 1920). I t is o f in te re st to s tu d y th e reactio n s on a c tiv ate d copper an d its oxides, for occurring as th e y do a t room te m p e ra tu re , i t is possible to em ploy in th e investigation m ethods w hich are n o t rea d ily applicable a t higher tem peratures. I n th e reaction betw een carbon m onoxide a n d oxygen, these gases will be adsorbed a n d oxygen ions, a n d p ro b ab ly carb o n ate ions, form ed as interm ediate states. C arbonate ions have been d em o n strated as in term ed iates in th e case o f th e reduction of oxides o f th e tra n sitio n elem ents (G arner 1947) a n d m ay be produced in this case also.
F o r th e investigation of such system s, in w hich th e in term ed iate sta te s m ay radically change th e characteristics o f th e surface film of th e c a ta ly st, m easure m en t of electrical conductivity should prove valuable, especially as th e oxide is itself a sem i-conductor. H e a t of ad sorption m easurem ents are also useful, since from such m easurem ents it would be possible to m ake deductions as to th e stru c tu re o f th e interm ediate states. I n th is investigation, therefore, tw o sep arate reacting system s have been studied u n d er such conditions th a t e ith er electrical co n d u ctiv ity or h e a t o f a dsorption m easurem ents can be m ade sim ultaneously w ith changes in th e pressure of th e gases.
The research is divisible in to th ree p a rts, th e first dealing w ith th e a c tiv a tio n o f copper oxide, th e second w ith m easurem ents o f h eats o f a d so rp tio n a n d reactio n on th e a c tiv ate d surface, a n d th e th ird w ith m easurem ents o f changes in superficial co n ductivity during th e adsorption a n d reaction of th e gases. T he d a ta h ave been em ployed to explain th e n a tu re of th e reactio n betw een carbon m onoxide a n d oxygen on copper oxide.
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Reduction by hydrogen
The earliest w ork on th e reduction o f copper oxide was carried o u t b y W rig h t, L uff & R ennie (1878), who observed a n in duction period w hich w as th e longer th e lower th e tem p eratu re. The existence o f a n in d u ctio n period has been confirm ed b y several workers, n o ta b ly Pease & T aylor (1921 Pease & T aylor ( , 1922 , who a ttrib u te d th e in d u ctio n period to th e in itial absence, th e fo rm atio n a n d th e grow th o f m etallic nuclei. Also, P alm er (1923), H inshelw ood (1923), J u lia rd (1932) a n d H asegaw a (1943) have come to sim ilar conclusions. T he reaction d uring th e red u ctio n th u s occurs preferentially a t th e b o u n d ary of th e m etal a n d its oxide.
Reduction by carbon monoxide
References in th e lite ra tu re to th e red u ctio n o f cupric oxide b y carbon m onoxide are n o t v ery num erous. Jo n es & T aylor (1923) found t h a t carbon m onoxide p ro duced nuclei o f m etallic copper on cupric oxide, as w as th e case w ith hydrogen, a n d th a t oxygen presen t in th e carbon m onoxide in h ib ited th e red u ctio n b y oxidizing th e copper nuclei as fast as th e y were form ed. If, how ever, oxygen was a d m itte d to th e reducing gas a fte r th e nuclei h a d been form ed a n d well established, th e n th e carbon m onoxide reacted w ith th e oxygen b y c o n ta c t catalysis.
Experimental Oxidation and reduction
v A strip o f pure copper 2 b y 1 cm. a n d 0*0125 cm. th ic k was degreased w ith carbon tetrachloride a n d polished b y rubbing w ith finely ground 'A n a la r' p rec ip ita te d cupric oxide. I t was th e n annealed a t 600° C in a n atm osphere of hydrogen. I t was subjected to successive oxidation an d red u ctio n a t 300° C, 0*08 m l. o f oxygen being em ployed a t an in itial pressure o f 0*08 cm. T he reactions were carried o u t in a cylindrical P y re x vessel, w hich possessed a plane w indow for m icroscopical a n d visual observation. A Zeiss film cam era was em ployed for th e m icrophoto graphs. The vessel was w ound w ith nichrom e wire a n d h eated electrically. T he tem p eratu re o f th e in terio r o f th e vessel was m easured b y m eans o f a therm ocouple. Purified dried gases were used.
T he a c tiv ity o f th e m eta l w as found to increase w ith successive o x id atio n a n d reduction, a n d th e m axim um a c tiv ity w as reached a fte r four o r five re p e titio n s o f th e processes. T he surfaces w hich w ere in itia lly sm ooth becam e m uch roughened owing to th e form atio n o f blisters (figure l a , p la te 13). T his roughening is believed to be due to th e explosive rem oval o f w a te r v a p o u r from oxide included in th e m eta l (R ansley 1939). T he ox id atio n d id n o t obey a parabolic law in th e in itia l stages o f th e reaction, alth o u g h curves fo r th e fall in pressure o f th e oxygen a g ain st *Jt show ed th is law ten d s to be obeyed in th e la te r stages o f th e reactio n . T he curves show th a t th e ra te of o x id atio n increases d uring th e first fo u r or five experim ents. T he processes occurring are ev id en tly v e ry com plex, w hich is u n d e r stan d ab le in view o f th e roughening w hich occurs d u rin g th e a c tiv a tio n process. I t was found t h a t a t 300° C th e ra te o f o x id atio n w as n o t appreciab ly affected by increasing th e pressure four tim es, a n d it w as unaffected b y in te rru p tio n o f th e ox id atio n process b y w ithdraw ing a n d reintroducing th e gas. T here was o nly a slight increase in th e ra te o f o x idation on increasing th e te m p e ra tu re b y 50° C.
A lthough no interference colours w ere o b tain ed in th e first oxidation, in all th e su bsequent oxidations b rig h t colours w ere observed. I t was possible to em ploy these to give some m easure o f th e roughness o f th e surface w hen th e copper w as a c tiv ate d . T he thickness o f th e oxide film was calculated from th e observed colour b y th e m eth o d of C onstable (1927, 1928) . T he values are com pared in ta b le 1 w ith those calpulated from th e fall in pressure, assum ing t h a t th e a re a o f th e specim en was th e ex te rn al a rea a n d t h a t th e d en sity o f th e oxide lay er w as t h a t o f Cu20 . T he values are th e m eans o f several oxidations. T he results in ta b le 1 give a roughness facto r o f ap p ro x im ately 10. H ydrogen readily reduces th e oxide film a t 300° C, b u t th ere was no evidence o f th e occurrence of a n induction period u n til th e fo u rth reduction, a fte r w hich a m arked induction period was found. This is in accord w ith th e w ork o f earlier investigators. The p lo t o f log A pa gainst log t during th e in duc
gives stra ig h t lines of w hich th e slope is 2*0, a n d th is su pports th e view th a t a lim ited num ber of nuclei are form ed im m ediately a n d th a t these increase in size a t a linear ra te (cf. W ischin 1939)* The surface lightens in colour during th e reaction, b u t th e individual nuclei were too sm all to be seen w ith th e m agnification used. Tow ards th e end o f th e reduction, visible nuclei o f a different ty p e ap p ear (figure 16, plate 13), which also grow a t a linear ra te w ith tim e. These are believed to be due to th e sintering of th e sm all copper crystals form ed early in th e reaction to give large crystals o f m etallic copper.
I n some experim ents th e pressure o f th e hydrogen w as changed, d uring th e reduction, and th e ra te o f reduction was found to be roughly p ro p o rtio n al to th e hydrogen pressure. The tem p e ra tu re w as changed from 300 to 350° C, a n d from th e tem p eratu re coefficient o f 2-25 for 50° C a n ap p ro x im ate value for th e a c tiv atio n energy of 12 heal, was calculated.
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Reduction with carbon monoxide
The reduction did n o t give a n observable in d u ctio n period, y e t m etallic copper appears v ery quickly on th e surface o f th e oxide. T he nuclei are so num erous t h a t th e y soon coalesce to give a coherent film of m etallic copper a n d a sandw ich o f cuprous oxide is th ere b y produced betw een tw o layers o f copper m etal:
The ra te o f reduction b y carbon m onoxide o f a n oxide film w hich has been previously a c tiv ate d w ith hydrogen is v ery sim ilar to th a t o b tain ed w ith hydrogen. As a resu lt o f th e reduction, how ever, th e copper loses m uch o f th e a c tiv ity w hich has been conferred on it b y th e em b rittle m en t process. I t is n o t possible to c a rry o u t tw o successive reductions w ith carbon m onoxide a t 300° C, for th e second reduction soon becomes v ery slow a n d erratic, a n d finally ceases. I t is necessary to rea c tiv a te th e surface b y reduction w ith hydrogen before th e red u ctio n w ith carbon m onoxide can again be effected. T he ra te o f red u ctio n b y carbon m onoxide, sim ilar to th a t b y hydrogen, is app ro x im ately pro p o rtio n al to th e pressure of th e gas.
The d estru ctio n o f th e a c tiv ity o f th e copper b y carbon m onoxide, w hich has been observed even a t lower tem p eratu res, will be discussed la te r in th e paper. 
Calorimeter
M easurem ents were m ade in a therm ocouple ad so rp tio n calorim eter sim ilar in principle to those em ployed in earlier w ork on ad so rp tio n on oxides (G am er & V eal 1935) . T he ad so rb en t consisted o f pu re m etallic copper sheet, 1*25 x 10-3 cm . th ic k , c u t in th e form o f disks a n d th re a d e d on a th in glass tu b e (D, figure 3 ). 1000 disks, 2 cm. in e x tern al d iam eter a n d o f to ta l a re a ap p ro x im ate ly 5,700 cm .2, w eighing 27*5 g., were used. T hey were n o t to u ch ed b y h a n d d u rin g c u ttin g o r assem bly. T he disks were com pressed u n til th e y occupied a heig h t o f 8 cm ., an d w ere held a t e ith e r end b y glass crosses E a n d F. A p latin u m -p latin u m rhodium therm ocouple passed dow n th e tu b e
Dt o a d e p th o f 4-5 cm ., a n d th e ju n ctio n was em bedded in th e copper. T he m eth o d ad o p te d in bringing th e therm ocouple wires o u t o f th e calorim eter will be seen from th e diagram . T here are holes for th e in le t o f gas in tu b e D n o t shbw n in th e diagram . T he copper disks were enclosed in a th in cylindrical glass b ulb w hich w as connected b y th e tu b e D to th e b u re tte holding th e gas, o f w hich th e h e a t o f ad sorption w as to be m easured.
T h e to ta l w eight of th e bulb a n d o f th e o th er P y re x glass used in th e calorim eter w as 4*07 g. The w a te r eq u iv alen t o f th e calorim eter, calculated from th e specific h eats o f th e com ponents, was 3-37 g. This was subsequently checked against th e h e a t o f com bustion o f carbon m onoxide occur ring catalytically on copper oxide a n d good agreem ent found. T he glass bulb was enclosed in a larger glass cylinder, a n d th e space betw een could be ev acuated sim ultaneously w ith th e inner bulb. To dim inish rad iatio n losses th e ex tern al surface of th e inner bulb a n d th e in tern al surface o f th e o u ter bulb were platinized.
D uring th e m easurem ent of heats o f adsorption th e calori m eter was im m ersed in w ater in a D ew ar vessel, a n d th e cold junction of th e therm ocouple was placed in a sim ilar D ew ar. B eckm ann therm om eters were used for th e purpose of cali bration. The calorim eter a n d th e cold ju n ctio n were placed in a segm ented h eat-in su lated box. A m ercury sw itch (G arner & V eal 1935) w as em ployed to connect th e therm ocouple to a K ip p an d Zonen Z.C. galvanom eter, th e deflexion o f which was recorded photographically. T he arran g em en ts were very sim ilar to those em ployed in previous investigations a n d need n o t be described in detail. The sensitiveness o f th e therm ocouple system w as 14 cm ./0 C.
The m ain loss o f h e a t in this ty p e o f calorim eter occurs b y rad ia tio n a n d con vection, and loss by conduction along th e inlet tu b e and th e therm ocouple wires is negligible. The N ew ton coefficient
tem p eratu re of th e therm ocouple ju n ctio n a n d S th e tem p e ra tu re o f th e o u ter walls of th e calorim eter, was determ ined from cooling curves for v ary in g pressures in th e inner bulb, a h a rd vacuum being m ain tain ed in th e o u ter bulb. &(deg.min._1/° C) varied from -0 025 a t p = 10"5 cm. to -0*039 a t = lO"1 cm ., som ew hat g reater th a n th e value of 0*020 o b tain ed in a sim ilar calorim eter (G am er & Veal 1935) . The vacuum system com prised tw o gas b u rettes, tw o expansion bulbs, tw o M cLeod gauges, a Toepler pum p, a m ercury-vapour tra p , connected to a H y v a c pum p a n d m ercury-diffusion pum p. T he ta p connecting th e v acuum system to th e calorim eter was never opened unless th ere w as liquid oxygen a ro u n d th e m ercuryvap o u r tra p , so th a t th e in tro d u c tio n o f m ercury v a p o u r to th e copper surface w as avoided. Apiezon grease was used in th e ta p . The sm all v a p o u r pressure o f th is grease did n o t affect th e phenom ena observed to an appreciable e x te n t, since these were confirm ed in a greaseless vacuum system used to m easure th e electrical conductivity. T he M cLeod gauges enabled pressures to be rea d from 4 m m . to 10-6 cm. The volum e o f various p a rts o f th e a p p a ra tu s w as determ ined, a n d th e theoretical pressure drop on introducing gases from th e M cLeod system to th e calorim eter w as calculated.
D uring a n experim ent curves for th e fall of pressure w ith tim e a n d for th e ra te o f liberation of h e a t were o b ta in e d ; an d b y nom ographic m ethods th e in te g ral a n d differential h eats of adsorption were ev alu ated . M easurem ents w ere m ade o f th e carbon dioxide lib erated during th e reactio n a n d on baking o u t b y condensation in a liquid oxygen tra p .
Activation of the copper
A th in layer o f oxide was form ed on th e surface o f th e disks (c. 500 A) b y oxidation a t 150° C. A fter th e first oxidation, th e surface adsorbed a t room te m p e ra tu re only 0*015 m l. (n .t .p .) carbon m onoxide a t a gas pressure o f 0*03 cm. T he film was reduced b y hydrogen a n d th e n re-oxidized. T he carbon m onoxide a d so rp tio n was increased, b u t n o t v ery m aterially. R ep eated ox id atio n a n d red u ctio n o f th e surface, how ever, caused th e ad so rp tio n o f carbon m onoxide to increase to 0*060 m l. T here are th u s 1*6 x 1018 molecules o f cross-sectional a rea 1*2 x 10-15 cm .2, which, if tig h tly packed, w ould sa tu ra te a surface a rea o f 1*3 x 103 cm .2. T he ex tern al area of th e m etal is 5*7 x 103 cm .2, a n d th ere is a considerable roughness factor, so th a t th e adsorption is occurring on only a sm all fra c tio n o f th e a rea o f th e oxide. U sually a fte r oxidation th e a p p a ra tu s was b ak ed o u t in h a rd v acuum a t 150° C for 1 hr. before cooling to room te m p e ra tu re for th e a d so rp tio n m easure m ents. I t was n o t baked o u t for a longer period, in order t h a t as m uch as possible of th e adsorbed oxygen should be reta in e d b y th e surface (see below).
T here was a sm all 'gas effe c t5 w ith th is calorim eter, especially w hen using oxygen, so th a t helium was alw ays added to th e inner bulb to rem ove te m p e ra tu re gradients before ad m ittin g th e adsorbate.
Oxygenated and deoxygenated surfaces
W hen cuprous oxide has been exposed to oxygen e ith e r as a resu lt o f ox id atio n a t 150° C, followed b y pum ping for a n hour, or as a resu lt o f ad so rp tio n o f oxygen a t room te m p e ra tu re , th e surface becom es ch arged w ith o xygen in a m obile form , w hich increases th e surface c o n d u c tiv ity . T h e oxygen is d ecreased d u rin g con tin u e d pu m p in g a t 200° C, b u t i t is firm ly h eld a t room te m p e ra tu re . T h e b e h a v io u r o f th e surface to w a rd s ad so rb ed gases depends on th e q u a n tity o f m obile oxygen on th e surface.
A surface w hich co n tain s ad so rb ed m obile oxygen is said to be 'o x y g e n a te d ', a n d a surface from w hich th e oxygen h as been rem oved b y c a rb o n m onoxide to be 'd e o x y g e n a te d '. D eo x y g en atio n w as b ro u g h t a b o u t b y tre a tm e n t w ith c arb o n m onoxide a t room te m p e ra tu re a n d b ak in g o u t a t 200° C, w hich rem oves th e oxygen as carb o n dioxide. A d eo x y g en ated su rface c a n be o x y g e n a te d b y t r e a t m e n t w ith oxygen a t room te m p e ra tu re , b u t i t is n o t so a c tiv e as freshly oxidized m ate ria l, since in th e tre a tm e n t w ith c arb o n m onoxide th e surface is p a rtia lly d e a c tiv a te d . A fter tw o tre a tm e n ts w ith carb o n m onoxide, th e surface loses its pow er to adsorb m obile oxygen a n d becom es in activ e.
Adsorption of carbon monoxide Deoxygenated surfaces
0*06 m l. o f carbon m onoxide is ad sorbed on a d eo x y g en ated surface a t p = 0*03 cm ., a n d th e h e a t o f ad so rp tio n is 28 kcal./m ol. T h e h e a ts in th is co n d itio n a re v e ry reproducible, a n d values in successive ex p erim en ts w hich h a v e been o b tain e d are 28*5, 28*4 a n d 28*2 kcal./g.m ol. T he ad so rp tio n is p ra c tic a lly com plete w ith in 5 m in. a n d th e h e a t rem ains c o n sta n t th ro u g h o u t th e perio d o f th e ad so rp tio n . T here is no ev olution o f carb o n dioxide d u rin g th e a d so rp tio n o f carb o n m onoxide on th e d eo x ygenated surface. A fter rem o v al o f th e u n a d so rb e d gas a n d b ak in g o u t a t 100 to 150° C in to a closed e v a c u a te d system , a b o u t 1 5 % o f th e adsorbed gas is desorbed as carbon m onoxide, to g e th e r w ith som e carb o n dioxide. I f th e te m p e ra tu re is raised to 200° C m ore carb o n dioxide is desorbed a n d th e 15 % o f carbon m onoxide now rea c ts w ith th e oxide a n d condenses in th e liquid oxygen tr a p as carbon dioxide. O nly a b o u t 95 % o f th e ad so rb ed gas has been recovered on desorption, possibly because som e o f i t is evolved as carb o n m onoxide in th e p relim inary e v a cu a tio n o f th e oxide p rio r to b ak in g o u t.
Oxygenated surfaces
T he h e a t o f ad so rp tio n on a n o x y g enated surface varies betw een 28 a n d 47 kcal., according to th e q u a n tity o f m obile oxygen on th e surface. C arbon dioxide is evolved during th e ad so rp tio n o f th e carbon m onoxide, a n d th e e x a lta tio n o f th e h e a t depends on th e am o u n t o f carbon dioxide form ed. I n one e x p erim en t w hich gave a h e a t o f 35 kcal./g.m ol., 0*070 m l. o f carbon m onoxide w as rem oved, 0*026 m l. Carbon dioxide was lib erated d uring th e ru n , a n d a fu rth e r 0*041 m l. carbon dioxide o b tain ed on baking o u t u p to 200° C. I t will be n o ted t h a t in th is exp erim en t, 0*013 ml. o f m obile oxygen has been rem oved to give carbon dioxide a t room tem p eratu re.
T he curves for th e change in pressure w ith tim e for a d so rp tio n on a n o x y genated surface are com pared w ith those for a deoxygenated surface in figure. 4. D uring th e first 2 m in. th e qu an tities o f gas adsorbed are sim ilar in b o th cases, b u t O x id a tio n a n d red u ctio n o f co p p er 301 20-2 whereas in th e case o f a deoxygenated surface a n equilibrium value is established, in a b o u t 5 m in. th ere is a slow reaction in th e case o f th e oxygenated surface, w hich continues for 25 to 30 m in. a n d is th e n com pleted. D uring th e ad so rp tio n on th e oxygenated surface carbon dioxide was evolved. A n analysis o f th e h e a t a n d pressure curves shows th a t only a sm all fractio n o f th e carbon dioxide is evolved during th e first 5 m in., th e bu lk o f th e carbon dioxide being produced a fte r t = 5 m in. The slow displacem ent o f m obile oxygen b y carbon m onoxide is also brought ou t b y th e conductivity experim ents (figure 10). T he m ain characteristics o f adsorption o f carbon m onoxide on a n o x y g en ated surface are
(1) in itial rap id adsorption o f carbon m onoxide; (2) a slow reaction betw een th e adsorbed m obile oxygen a n d adsorbed carbon m onoxide to give carbon dioxide, w hich e v a p o ra te s; (3) adsorption o f carbon m onoxide in th e spaces on th e surface left v a c a n t in (2).
Reaction of carbon monoxide with oxygen
I f a stoichiom etric m ix tu re o f carbon m onoxide a n d oxygen be a d m itte d to a deoxygenated surface, th ere is a n in itial rap id adsorption of carbon m onoxide, followed b y stead y decrease o f pressure due to th e cataly tic com bination o f th e tw o gases to give carbon dioxide. I f th e surface w as s a tu ra te d w ith carbon m onoxide p rio r to th e a d m itta n c e o f CO + § 0 2, th e ra p id in itia l u p ta k e o f gas w as a b se n t a n d only th e slow process occurred.
T he p ressure-tim e curve for th e a d so rp tio n is sim ilar to t h a t for carbon m onoxide on th e o xygenated surface (figure 4) except t h a t th e dow nw ard tre n d a fte r t -5 m in. is som ew hat steeper a n d continues for as long as th e u n rea c te d gas is p resen t. A t th e en d o f th e ru n th e surface contains adsorbed carbon m onoxide w hich can be p u m p ed off as carbon dioxide on b aking o u t a t 200° C.
T he initial h e a t o f a d so rp tio n a t t = 2 m in. is 20 to 30 kc linear differential h e a t p e r m ol. o f gas (CO + | 0 2) rem oved o f 45 kcal. (see ta b le 2).
T h e initial h e a t is m ain ly due to th e a d so rp tio n o f carbon m onoxide, a n d th e h e a t o f 45 kcal. can be q u a n tita tiv e ly accounted for b y th e occurrence o f th e reactio n 2CO + 0 2 2C 02+ 2 x 68 kcal. T he following calculation shows th e q u a n tita tiv e n a tu re o f th e agreem en t w ith th e above m echanism . I n one o f th e experim ents, 0*073 cal. h a d been lib e rate d a t th e fifth m in u te. T his w as p a rtly due to th e , ad so rp tio n o f carb o n m onoxide (Q = 28 kcal.) a n d p a rtly to th e form atio n o f som e carbon dioxide (Q = 67*5 kcal. p e r m ol. CO). -Since 0*029 m l. o f carbon m onoxide w as found to be adsorbed a t th e end o f th e reaction, one m ay assum e t h a t th is a m o u n t o f gas is on th e surface a t t = 5 m in. T his will h ave lib erated 0*029/22*4 x 28 = 0*036 cal. T he observed volum e decrease is, how ever, 0*048 m l., so 0*019 m l. is rem oved b y th e (CO + 1 0 2) reaction. T hus, th e h e a t liberated in th e fo rm ation o f carbon dioxide is 0*019 x § x 67*5/22*4 = 0*039 cal. T he to ta l h e a t lib erated should, therefore, be 0*036 + 0*039 = 0*075 cal., as com pared w ith th e experim ental value 0*073 cal. Sim ilar calculations w ith different ru n s a n d different values of t also give agreem ent w ith in 5 % .
I f th e hypothesis t h a t th e reactio n occurs on a carbon m o n o xide-saturated surface be correct, th e n th e ra te o f reaction will be p roportional to th e p a rtia l pressure o f th e oxygen present, ~d p 0Jdt = \k p Q% , w here p Qi is th e p a rtia l pressure o f oxygen. T he in teg rated form of th e equation, togiaPo, = ~2 *303 x 3 + const., can be em ployed directly for cases where th e surface is sa tu ra te d w ith carbon m onoxide, before adm ittin g th e reaction m ixture. A stra ig h t line is obtained, for th e p lo t of logwPo% against tim e, showing th a t th e eq u atio n is obeyed. The value of th e velocity constant a t T = 293° K is 0*010 m in.-1.
In experim ents w here carbon m onoxide a n d oxygen are a d m itte d to g eth e r to th e deoxygenated surface, th e adsorption o f carbon m onoxide a n d th e reaction betw een CO + 0 2 b o th occur. I t is necessary to m ake allow ance for th e am o u n t o f gas adsorbed on th e cataly st. I t will be assum ed th a t th e ad so rp tio n processes are com plete afte r 5 m in. I f V0 is th e volum e of th e carbon m onoxide a n d oxygen present initially in m l. n .t .p . a n d th e volum e o f carbon m onoxide adsorbed a fter 5 m in., th e n th e to ta l volum e a t 5 m in. is VQ -VAABt. V0 w here 1062 ml. is th e volum e o f th e a p p a ra tu s a n d p 0 is th e pressure in cm. A t a tim e t, th e to ta l volum e of gas p resen t in th e a p p a ra tu s is x"% 2p . Volum e o f gas rem oved b y th e reaction is -T d s . -a n d th e volum e o f oxygen rea c te d is one th ird o f this. T he volum e of oxygen p resen t a t a n y tim e is £ X7%2(p0 ~P ) + l^kds. a n d th e p a rtia l pressure o f th e oxygen, p O2 = 0*0716Fo2 -p ) + iO'0716T^ds.* The derivation o f th e p a rtia l pressure of th e oxygen requires a know ledge o f I^d8i, and if this knowledge is n o t available i t is necessary to w rite th e following logarithm ic eq u atio n in th e exp o n en tial form H ence a graph of p against 10-0-0015* should be a s tra ig h t line w ith a 3 x 0*0716 x F q2* G raphs for these experim ents are given in figure 6, a n d i t will be seen t h a t th e ru n s give good s tra ig h t lines. T h e slopes should be p ro p o rtio n a l to th e in itia l pressure o f th e oxygen, a n d th is is show n to be tru e b y ta b le 3. T he analysis has been carried fu rth e r to deduce a n d no inconsistency h as been found. T his tre a tm e n t affords v e ry considerable su p p o rt to th e view s ad v an ced above w ith reg ard to th e kinetics o f th e reaction.
O xid a tio n a n d red u ctio n o f copper
Heat o f adsorption of mobile oxygen
T he h e a t lib e rate d during th e ad so rp tio n o f oxygen on a surface deo x y g en ated w ith carbon m onoxide has been m easured several tim es in a n effort to o b ta in th e h e a t o f ad sorption o f m obile oxygen. T he to ta l a m o u n t o f gas ta k e n u p is, how ever, v ery sm all, c. 0*015 m l., a n d th e ad so rp tio n continues for a long tim e. T h a t ta k e n u p im m ediately, w hich has a n effect on th e co n d u ctiv ity , is still sm aller. T he galvanom eter deflexions are too sm all to give v e ry accu ra te results. T he h e a t w as found to v a ry w ith tim e a n d increased from 35 to 75 kcal./m ol. F ro m th e evidence yielded b y co n d u ctiv ity m easurem ents, th e h e a t o f ad so rp tio n o f m obile oxygen should n o t exceed 30 to 35 kcal. I t was clear, therefore, th a t in th e above m easure m ents some o x idation o f th e surface w as occurring. T he rem oval o f carbon dioxide from th e surface w hich occurs during th e deoxygenation process leads to som e reduction, an d it is presum ed th a t some o f th e oxygen is ta k e n u p in th e resto ra tio n o f th e surface. I t w ould, how ever, be preferable to p rep are th e surface b y d e oxygenation th ro u g h ev acuation a t 200° C ra th e r th a n w ith carbon m onoxide. F o r accurate h eats to be obtained, how ever, a m uch larger a rea o f oxide w ould be required.
Adsorption of oxygen on a surface saturated with carbon monoxide
A fter adsorption of carbon m onoxide, th e c a ta ly st is e v acu ated a t room te m p eratu re for 1 hr. a n d oxygen is ad m itted . A h e a t o f ad so rp tio n o f 60 to 65 k cal./ mol. oxygen w as obtained. A bout 50 % o f th e adsorbed carbon m onoxide can be rem oved under vacuum a t room tem p e ra tu re as carbon dioxide (cf. G arner 1947).
Co n d u c t i v i t y m e a s u r e m e n t s o f f il m s o f m e t a l a n d o x i d e
Copper was ev ap o rated from a coated tu n g ste n wore in a vacuum o f 10-7 to 10-8 cm. on to th e inside surface o f a P y re x cylinder, an d films o f copper oxide prepared from th e m etal film b y oxidation. The resistance of th e film s is m easured betw een circular p latinum electrodes, fused to th e inside surface o f th e cylinder, using potentiom etric a n d a.c. bridge m ethods, as described in th e following paper.
The change in resistance was followed during oxidation a t 200° C. T his was carried through to cupric oxide and u n til a co n stan t resistance was obtained. T he in itial period in th e oxidation was characterized b y a parabolic u p ta k e o f oxygen. The cupric oxide w as reduced w ith hydrogen, a n d im m ediately on adding hydrogen th ere was an in itia l sm all increase in resistance. T his was followed b y a n in duction period, during w hich i t is likely th a t copper nuclei are form ed on th e surface of th e oxide. A fter 40 m in. th ere w as a rap id rise in th e resistance, u p to a m axim um of several m egohm s, a n d th e m axim um was found to correspond stoichiom etrically w ith th e com position o f cuprous oxide. A fter th is m axim um th ere was a n equally rap id fall in resistance dow n to ap p ro x im ately 20 k f i, w hen th e resistance becam e su b ject to ra p id fluctuations w hich lasted 20 to 30 m in. A fter th is period th ere was a continuous fall in resistance dow n to t h a t o f th e initial resistance o f pure copper a fte r 30,000 m in. (figure 6). T he region of e rra tic readings corresponds w ith th e 'e m b rittle m e n t' o f th e copper, a n d is p ro b ab ly due to th e red u ctio n o f oxide inclusions b y hydrogen diffusing th ro u g h th e m etal. T he escape o f w ater along g rain boundaries produces cracks in th e film w hich, how ever, h eal w hen th e e m b rittle m e n t process is com pleted. A fter e m b rittle m en t, th e m eta l film has been 'a c tiv a te d '. E x p e rim en ts w ere carried o u t to s tu d y th e effects o f th e ad so rp tio n o f gases on th e electrical co n d u ctiv ity . T he films w ere em ployed in th e sem i-conducting region betw een cuprous a n d cupric oxide, a n d i t w as fou n d t h a t over a w ide ran g e o f com positions in th is region th e resistance w as ap p ro x im ate ly co n sta n t.
W. E. Gamer, T. J. Gray and F. S. Stone
Oxygen
I n one series o f experim ents th e in itia l resistance in a h a rd vacu u m o f a CugOCuO film w as 650 kQ . A dm ission o f oxygen a t 200° C a t pressures ran g in g from 10-4 to 0-03 cm. caused a n im m ediate fall in resistance to 70 kQ , w hich w as com p lete d w ith in th e first 5 sec. a slower change over th e n e x t few m inutes, w hich w as p ro b ab ly due to d isap p ear ance o f th e oxygen in to th e CuaO-CuO interface. On applying a vacu u m o f 10~7 to 10-8 cm., w hich was reached in 15 sec., th e co n d u ctiv ity o f th e o x y g enated oxide decreased as th e square ro o t o f th e tim e, AA = let-* (figure 8), a n d re tu rn e d to th e in itial value o f 650 kO a fte r 2500 m in. T his process could be re p e a te d m a n y tim es, a n d th e curves o b tain ed fell closely on one a n o th e r. T here w as re ta rd a tio n o f th e ra te o f change o f resistance w hen th e helium w as a d m itte d before th e oxygen, b o th on th e falling a n d rising curves, in d icatin g t h a t v th e diffusion o f oxygen dow n cracks in th e oxide w as being hin d ered b y th e in e rt gas. T his w as to be ex p ected , since th e solid h a d been previously a c tiv a te d b y e m b rittle m e n t, w hich process has been show n to d isru p t th e lattic e . A t low er tem p e ra tu re s, c. 100° C, th e ad so rp tio n is still v e ry ra p id , b u t th e change occurring on ev acu atio n becom es m u ch slower. A t room te m p e ra tu re , alth o u g h th e a d so rp tio n w as still com plete w ith in 5 m in., th e re w as no m easu rab le increase in electrical c o n d u ctiv ity on e v a cu a tio n (figure 9), show ing t h a t th e effects produced b y adsorbed oxygen are rela tiv e ly sta b le a t room te m p e ra tu re . T he effect o f oxygen on a n oxide surface a c tiv a te d b y h ydrogen is m u ch g re a te r th a n a n oxide surface p rep ared d ire c tly from th e m etal.
W. E. Gamer, T. J. Gray and F. S. Stone
Hydrogen
O n th e adm ission o f h y drogen a t 200° C (figure 7), th e resistance increases v e ry rap id ly from 650 k O to 2*3 M Q, a n d th e n becom es c o n sta n t. A fter 5 m in. exposure to hydrogen, a vacu u m w as applied a n d th e resistance fell b ack to its in itia l value. T h e decrease in co n d u ctiv ity w hich occurs d uring th e d esorption obeys th e eq u atio n AA = ktr*.
Carbon monoxide
C arbon m onoxide ex erted a v e ry sim ilar effect (figure 7), ex cep t t h a t in th is case th e resistance rose to a m axim um a n d th e n fell spontaneously. O n applying a vacuum , how ever, th e fall w as accelerated dow n to a final v alue o f 1 M O, th e resistance n o t re tu rn in g to its in itia l value. T here is evidence from th e curves t h a t th re e d istin ct processes are occurring, (1) an in itia l rise in resistance, (2) a ra p id fall followed b y (3) a sm all rise in resistance. A fter tre a tm e n t w ith carbon m onoxide a t 200° C, followed b y its rem oval on evacuation, th e a c tiv ity o f th e film w as decreased. T he fall in resistance w ith oxygen w as v e ry m uch sm aller th a n w as obtain ed w ith th e original film. T he norm al a c tiv ity could only be resto red b y reoxidizing a n d reducing w ith hydrogen, passing th ro u g h th e e m b rittle m en t period. T he films, how ever, becam e u n stab le a fte r tre a tm e n t w ith carbon m onoxide a t 200° C, a n d te n d to come aw ay from th e glass during th e e m b rittle m en t process, so th a t b u t few experim ents w ith carbon m onoxide can be done w ith a n y one film. This effect was m ore m arked w ith th ic k th a n w ith th in films.
The curves in figures 9 a n d 10 show th e effects o f carbon m onoxide a t room tem p eratu re on a Cu20-C uO surface w hich has n o t been a c tiv ate d w ith hydrogen, b u t prepared directly from th e m etal. T he increase in resistance on adding carbon m onoxide to a deoxygenated surface is relatively m uch sm aller a t room te m peratu re th a n a t 200° C, a n d th e process is reversible, th e resistance retu rn in g to th e initial sta tio n a ry value on evacuation (figure 9). T he increase in resistance on adding carbon m onoxide to a n oxygenated surface is g rea ter th a n on a deoxy genated surface (figure 10). There is also a decrease in th e resistance on evacuation, b u t th e fell is m uch less th a n th e rise on th e ad d ition of carbon m onoxide.
O xid a tio n a n d red u ctio n o f co p p er
Sim ilar results were o btained on a n a c tiv a te d CuO-CuaO surface, b u t alth o u g h in this case th e co n d uctivity changes on adding oxygen w ere g reater, th e effects o f carbon m onoxide additions were very sim ilar to those show n in figure 10. CO + excess 0 2 I f a m ix tu re o f carbon m onoxide a n d oxygen was ad d ed to a surface a fte r tr e a t m en t w ith carbon m onoxide, th e c a ta ly tic reactio n to give carbon dioxide to o k place w ith o u t change in th e surface co n d u ctiv ity (figure 10). O n th e o th er h an d , w hen th is m ix tu re w as added to a n oxygenated surface, th e resistance rose slow ly to th e sam e value o b tain ed w ith a carbon m o noxide-treated surface. I t m a y be concluded from these results t h a t in th e ste a d y s ta te for th e carbon m onoxideoxygen reaction, th e surface is s a tu ra te d w ith carbon m onoxide. T his confirm s th e results obtained in th e ad sorption calorim eter.
I n t e r p r e t a t i o n o f t h e c h a n g e s i n r e s i s t a n c e o n a d s o r p t i o n o f o a s e s
Oxygen
The rise in co n d u ctiv ity on ad sorption o f oxygen m ay be due to th e ad so rp tio n of oxygen as a negative ion, a n d in order to m ain ta in electrical n e u tra lity a positive hole, Cu+ -^C u ++ is created a t th e sam e tim e. T he co n d u ctiv ity could th e n be due to th e m ovem ent o f electrons across a n a rra y o f Cu+ a n d Cu++ io n s ; t h a t is, th e superficial co n d uctivity m ay be m ainly electronic. F ro m th e fa c t th a t th e adsorbed oxygen can be easily rem oved a t 200° C i t is likely t h a t th e h e a t o f desorption does n o t exceed 30 to 35 kcal./g.m ol., a n d th is sm all h e a t is a n indication t h a t th e gas is adsorbed as molecules. T he m easurem ents o f th e h e a t o f ad sorption o f oxygen are not, however, conclusive in th is respect.
Since th e c o n d u ctiv ity in th e presence o f oxygen is p e rm a n e n tly red u ced a fte r tre a tm e n t of th e surface b y carbon m onoxide a t 200° C, i t is concluded t h a t th e a d so rp tio n o f th e gases occurs on specially activ e areas o f th e surface, th e a c tiv ity o f w hich is destroyed b y th e reaction. These activ e areas m a y consist o f copper ato m s exposed above th e surface o f th e no rm al lattice.
A rep re sen ta tio n o f such areas is given in diagram I , w hich shows, as a section across th e cry stal, th e 100 plane o f Cu20 , □ rep resen tin g v a c a n t la ttic e sites le ft in position d uring th e o x id atio n o f th e c o p p e r:
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T he activ e areas on w hich it is suggested t h a t oxygen is adsorbed are show n a t A . O n such places i t w ould be expected t h a t oxygen w ould be loosely held. T h e d e stru c tio n o f th e active areas b y carbon m onoxide could th e n occur b y th e ad so rp tio n o f carbon m onoxide a t B a n d as in diagram I I . A t B th e CO is adsorbed reversibly, a n d a t Ca s a c arb o n ate ion. I n th e fo rm at a v a c a n t oxygen la ttic e site ■ is produced w hich increases th e in sta b ility o f th e surface. On th e desorption o f th e gases from th e surface, th e a c tiv ity is p a rtia lly destroyed as in diagram I I I , v a c a n t la ttic e sites disappearing in th e p ro cess:
Carbon monoxide
The m echanism of th e adsorption o f carbon m onoxide can be illu stra te d b y m eans o f diagram I I . On a d e o x y g e n a t e ds urface a t room tem p e ra tu re i t is in adsorbed reversibly as CO and in p a rt as carbonate ion. O nly th e reversibly held carbon m onoxide can be rem oved b y evacuation a t room tem p e ra tu re . T he resistance changes on adding carbon m onoxide are reversible a t these tem p e ra tu re s (cf. figure 9 ), show ing t h a t rev ersib ly ad so rb ed carb o n m onoxide im m obilizes th e conductance electrons o f th e solid. I t also follows t h a t th e c a rb o n m onoxideyielding stab le c a rb o n a te ions does n o t m a te ria lly affect th e c o n d u c tiv ity o f th e solid.
On th e oxygenated surface a t room te m p e ra tu re , i t h as b een show n t h a t th e first step is th e ad so rp tio n o f carb o n m onoxide, follow ed b y th e rem o v a l o f th e m obile oxygen as carbon dioxide. T he changes in resistan ce acco m p an y in g th e a d d itio n o f carbon m onoxide to th e o x y g en ated surface are show n in figure 10. T he effects o f th e a d d itio n o f carb o n m onoxide a t 200° C o n th e electrical resistance o f th e surface, d eo x y g en ated b y long e v a cu a tio n , a re show n in figure 9. T hree stages are observed, a n d th ese are in te rp re te d in th e lig h t o f th e ab o v e arg u m en t as d ue to th e occurrence o f th re e consecutive p ro cesses: (1) th e a d so rp tio n o f carbon m onoxide on sites B , w ith a n increase in resista n c e; (2) a re a c tio n betw een m obile oxygen a t A a n d carb o n m onoxide a t B to give a n u n sta b le c arb o n ate ion w ith a fall in resistance, a n d (3) e v o lu tio n o f c arb o n dioxide w ith a rise in resistance. A t th e conclusion o f th ese processes th e surface h as been p a rtia lly d e a c tiv a te d , as illu s tra te d above.
Reaction between carbon monoxide and oxygen at room temperature
T he ex perim ents show t h a t th is re a c tio n occurs on a surface s a tu ra te d w ith carbon m onoxide (experim ents in a d so rp tio n calo rim eter a n d figure 10 ). T h e reactio n betw een oxygen a n d carb o n m onoxide is envisaged to occur on a d ja c e n t sites A a n d B . F ig u re 10 shows t h a t sites A a re Hot ap p re c ia b ly covered w ith oxygen d u rin g th e reactio n , so t h a t th ese sites are m ain ly occupied b y c a rb o n m onoxide, a n d hence th e ra te o f rea c tio n is p ro p o rtio n a l to th e oxygen pressure.
D i s c u s s i o n
T he ph en o m en a described in th is p a p e r a re concerned w ith th e in te ra c tio n o f oxygen, carb o n m onoxide a n d h y d ro g en w ith th e copper-cuprous oxide-cupric oxide system . O nly th e first tw o gases h a v e been stu d ie d in a n y d e ta il a n d will be discussed here.
II? has been d e m o n stra te d t h a t oxygen is rev ersib ly chem isorbed on a cuprouscupric oxide surface in a form w hich is specially a c tiv e chem ically. I n th is s ta te i t will com bine w ith carb o n m onoxide to give carb o n dioxide a t room te m p e ra tu re . T his m obile form o f oxygen is associated w ith a cond u ctan ce electron, a n d its a d so rp tio n increases th e c o n d u c tiv ity o f th e oxide film. F ro m th e fa c t t h a t th e a c tiv ity o f th e surface is v e ry larg ely d e stro y e d b y tre a tm e n t w ith carb o n m onoxide a t 200° C, i t is concluded t h a t th e ad so rp tio n o f oxygen giving rise to th e su p e r ficial c o n d u c tiv ity occurs on ato m s o f copper exposed above th e n o rm a l la ttic e . A m echanism for th e d e a c tiv a tio n h as been given in th e b o d y o f th e p ap er.
A t 200° C th e ra te o f e v a p o ra tio n o f chem isorbed oxygen is ap preciable, b u t i t does n o t a p p e a r to be e n tirely rem oved from th e a ctiv e areas even in a h a rd vacuum , because i t is slow ly replenished from th e b o d y o f th e la ttic e , possibly from th e CuO-Cu20 interface. I n th e presence o f oxygen gas, s a tu ra tio n o f th e activ e p o in ts is reached a t a rela tiv e ly low pressure, below 10~4 cm ., a t 200° C. A t room tem p e ra tu re , th e chem isorbed oxygen is rela tiv e ly im m obile, a n d i t is n o t e v a p o ra te d from th e surface a t appreciable ra te s in h a rd vacuum .
Catalytic reaction at room temperature
T he ex p erim en tal resu lts in d icate t h a t th e reactio n occurring betw een carb o n m onoxide a n d oxygen on a c tiv a te d copper oxide a t room te m p e ra tu re is p rim a rily a reactio n betw een reversibly ab sorbed carbon m onoxide, w hich decreases th e electrical c o n d u c tiv ity o f th e surface, a n d ad sorbed oxygen ato m s o r m olecules w hich increase th e co n d u ctiv ity . T he tw o gases are p ro b ab ly ad so rb ed on sim ilar a d ja c e n t sites on th e activ e areas. I t is deduced t h a t a n u n sta b le c a rb o n a te ion is form ed w hich finally breaks dow n to give carbon dioxide. C arbon m onoxide is m uch m ore stro n g ly held th a n oxygen on th e activ e are a s; therefore th e rea c tio n is in d ep en d en t o f th e carbon m onoxide pressure a n d p ro p o rtio n al to th e oxygen pressure.
D uring th e reactio n th e surface is s a tu ra te d b y carbon m onoxide, som e o f th e gas being held reversibly as carbon m onoxide, p ro b ab ly on exposed copper ato m s, a n d som e irreversibly as c arb o n ate ion. T he m ajo r p a r t o f th e ad sorbed carb o n m onoxide is held as c arb o n ate ion on less active p ortions o f th e surface a n d does n o t a p p e ar to ta k e a n y active p a r t in th e reactio n a t room tem p e ra tu re . I t stabilizes th e som ew hat u n stab le surface b y prev en tin g red u ctio n o f cuprous oxide to m etal, a n d lim its th e reactio n to th e active areas. O n raising th e te m p e ra tu re , how ever, th e carbon dioxide held on th e less activ e p a rts o f th e surface is evolved. A t 200° C a n d above, th e carbon m onoxide-oxygen reactio n therefore spreads to th e less active p a rts o f th e surface, a n d m echanism s come in to p la y w hereby th e carbon m onoxide reacts directly w ith th e n orm al oxygen ion th e la ttic e . T he occurrence o f th is reactio n grad u ally deactiv ates th e surface since i t leads to th e diffusion o f th e exposed copper atom s in to th e bod y o f th e lattic e , a process w hich is analogous to sintering.
[Note added in proof, 31 March 1949.] Professor M o tt h as p o in te d o u t t h a t th e expression for th e change in co n d u c tiv ity occurring d u rin g th e d eso rp tio n o f oxygen, (1) AA = kt_i (p. 308), can be in te rp re te d as follows: th e co n d u c tiv ity is p ro p o rtio n al to n, th e n u m b er o f electrons in th e conduction b a n d , or th e n u m b er o f positive holes in th e full b a n d a n d from eq u a tio n (1), const, n 3. Since th e relationship betw een n a n d th e n u m b er o f im p u rity centres (adsorbed oxygen atom s) Ni s n = const. <JN, i t follows th a t const. N 2. T h u s th e recovery a fte r oxygenation is to be in te rp re te d as due to a bim olecular process in w hich oxygen atom s, m obile over th e oxide surface give oxygen m olecules w hich th e n ev aporate.
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